[1] A recent analysis of recurrence properties of small repeating earthquakes on a creeping oblique thrust fault in eastern Taiwan reveals a weak variation in recurrence interval (T r ) with seismic moment (M o ). Compared to the scaling of T r with M o from repeating earthquake data near Parkfield in California, the repeating data from eastern Taiwan has recurrence intervals that are 2 times shorter. Also in northeastern Japan, T r of repeating quakes are $4 times shorter than those expected from the Parkfield scaling law. When adjusted to account for differences in the geodetically derived slip rates for the three fault zones, however, the T r -M o scaling is remarkably consistent among the three regions. It suggests that the tectonic loading rate is likely the most important factor that controls the repeat time. It also suggests that there seems to exist a universal rule on recurrence interval scaling of repeating earthquakes in diverse tectonic settings.
Introduction
[2] The recurrence properties of repeating sequences (i.e., groups of events that rupture at the same patch of fault repeatedly with nearly identical seismic signatures) are suggestive of a renewal process taking place on the repeatedly rupturing fault patches. What controls the recurrence time of repeated fault ruptures goes to the very core of dynamic failure processes in the earthquake cycle; however, these processes are still not fully understood.
[3] Repeating earthquake sequences have been observed in different tectonic environments such as the San Andreas fault system [e.g., Ellsworth and Dietz, 1990; Vidale et al., 1994; Nadeau et al., 1995; Bürgmann et al., 2000] , the northeastern Japan subduction zone [Matsuzawa et al., 2002; Igarashi et al., 2003; Uchida et al., 2003] , the Northern Anatolian fault [Peng and Ben-Zion, 2005] and the Taiwan arc-continent collision boundary (K. H. Chen et al., Characteristic repeating earthquakes in an arc-continent collision boundary zone: The Chihshang fault of eastern Taiwan, submitted to Earth and Planetary Science Letters, 2007, hereinafter referred to as Chen et al., submitted manuscript, 2007) . The studies of repeating earthquakes along the creeping section of the San Andreas fault reveal an unexpected scaling relation between recurrence interval (T r ) and seismic moment (M o ): T r / (M 0 ) 1/6 [Nadeau and Johnson, 1998 ]. This T r -M o relation shows a much weaker dependence of T r on M o than the previously accepted relation, T r / (M 0 ) 1/3 , which is derived from standard assumption of constant stress drop without aseismic slip taking place. In other words, as the size of repeating earthquakes gets smaller their observed T r becomes progressively longer than that expected from the constant stress-drop model assumption. Numerical, analytics and laboratory experiments have been conducted to understand this discrepancy and offer several possible explanations [Sammis et al., 1999; Anooshehpoor and Brune, 2001; Beeler et al., 2001; Johnson and Nadeau, 2002] : (1) Aseismic slip occurs on repeating patches during the inter-seismic period, (2) no aseismic slip occurs during the inter-seismic period and stress drops are high, and (3) geodetically inferred slip rate on the fault plane is greater than the displacement on the smaller repeating patches due to shielding by adjacent or surrounding locked fault.
[4] Several questions are naturally raised by the results of these investigations: (1) Can the weaker T r -M o relation be found elsewhere? (2) Does this relation vary with fault geometry, rheology, and the type of faulting? (3) what controls the T r -M o characteristic? To answer these questions, there is clearly a need for using independent repeating earthquake data from different tectonic environments.
[5] The repeating earthquakes recently found in a creeping oblique thrust fault zone in eastern Taiwan provide an excellent opportunity for investigating the recurrence properties of repeating sequences from the perspective of different tectonic settings and different earthquake sizes. In this paper we study how the recurrence interval scales with seismic moment using repeating earthquake data from three different regions: the SAF (San Andreas Fault), the Japan subduction zone, and the Chihshang fault along the Taiwan arc-continent collision boundary. We compare the recurrence scaling properties among the different regions and discuss the possible physics responsible for their similarities and/or differences.
Repeating Earthquakes on the Chihshang Fault
[6] The Chihshang fault is the most active segment along the Longitudinal Valley fault, which is an arc-continent collision boundary between the Eurasian and Philippine Sea Plates in eastern Taiwan (Figure 1a) . The Chihshang fault is characterized by creeping behavior [e.g., Barrier and Chu, 1984; Angelier et al., 1997; Lee et al., 2001] and at the surface is slipping at a high rate of 2 -3 cm/yr horizontally and deforming 2.0-2.4 cm/yr vertically [Yu and Liu, 1989; Yu and Kuo, 2001] . On the Chihshang fault, application of a composite selection criterion to $3400 M1.9 -5.4 earthquakes reveals the existence of 30 repeating sequences (Chen et al., submitted manuscript, 2007) . The earthquakes were recorded by the short-period Central Weather Bureau Seismic Network (CWBSN) during the period 1991 -2003. The 30 repeating sequences contain 110 repeating events with magnitudes ranging from 1.9 to 3.7 and recurrence interval of 39 minutes to 6 years. The number of events in each repeating sequence ranges from 3 to 7. The repeating sequences are most common in the depth range between 7 to 23 km, and appear to concentrate on the northern portion of the Chihshang segment (north of 23°06 0 N) (Figures 1b and 1c) . Since waveforms and differential S-P times for events in each repeating sequence are nearly identical, and HypoDD [Waldhauser and Ellsworth, 2000] uncertainties for relocations are generally less than 20 m (smaller than rupture dimension), each sequence are considered to represent repeated rupture of the same fault patch.
T r -M o Relation From Chihshang Repeating Data
[7] For the 30 repeating sequences observed in the Chihshang area, the logarithm of their average recurrence interval is plotted against the logarithm of their average seismic moment in Figure 2 . Despite the scatter in the data and the relatively limited magnitude range of the Chihshang sequences (M1.9 to 3.7), there appears to be a meaningful linear relationship in log-log space between recurrence interval and seismic moment. The least-squares fit to the data in Figure 2 leads to a relationship:
Here we consider the 0.17 slope to be a close approximation to the fraction 1/6. These results are consistent with the $1/6 slope determined from Parkfield's repeating data based on average recurrence intervals [Nadeau and Johnson, 1998; Johnson and Nadeau, 2002] . We conclude, therefore, that the weak dependence of T r on M o for the Chihshang repeating earthquakes (T r / (M 0 ) 1/6 ) is similar to that found for the San Andreas Fault (SAF) repeating quakes.
T r -M o Relations Between Different Areas
[8] Despite the agreement in slope between the fit in Figure 2 and the fit to SAF repeating event data, significant differences exist between their intercepts. To explore possible reasons for this discrepancy we compare the T r ÀM o data for repeating earthquake sequences among differing tectonic regions (i.e., from the subduction zone off northeast Japan, from the arc-continent collision boundary ''Chihshang Fault'' in Taiwan, and from the SAF in central California, USA). Figure 3a shows the data and for comparison a fit line to the SAF data having the relationship:
where T r is in years and M o in dyne-cm. From Figure 3a it is apparent that the repeating sequences in Taiwan and Japan are generally characterized by 2 and 4 times shorter recurrence intervals (respectively) than those observed along the central SAF.
[9] One possible explanation for the T r differences is that the long-term tectonic loading rates of the different regions varies. Another explanation could be that the strength of the repeating fault patches is different for each region. Or, a combination of these two effects may be responsible for the regional differences in T r . Here we investigate how much of regional T r difference can be explained by differences in long-term tectonic loading rate. We first use the assumption that the average loading rate on the fault plane (V f ) during the period of repeats for a sequence is equal to the cumulative seismic displacements (minus the displacement of the first sequence event) divided by the sum of the sequence recurrence intervals (V d ) [e.g., Scholz, 1990; Schaff et al., 1998; Nadeau and Johnson, 1998; Beeler et al., 2001; McEvilly, 1999, 2004] . Based on this assumption, the average recurrence interval between events in each sequence should scale with the average tectonic loading rate as T r / 1/V f . We can then compare recurrence properties between regions with different loading rates by normalizing the recurrence intervals by the ratio of the loading rate to that used for the SAF data:
where T r nor is the normalized recurrence interval, T r and V f are the recurrence interval and geodetically derived longterm average fault slip rate for the different areas, and [Nadeau and Johnson, 1998 ], one M6 repeating sequence (6 events) at Parkfield [Bakun and McEvilly, 1984; Bakun et al., 2005] , and eight M3.5 -4.9 repeating sequences in Stone Canyon [Ellsworth and Dietz, 1990] . The Japan repeating data includes one M7.4 off Miyagi sequence [Earthquake Research Committee of the Headquarters for Earthquake Research Promotion, 2001; Umino et al., 2006] , one M4.8 off Kamaishi sequence [Matsuzawa et al., 2002] , and one M3.5, one M2.7, and one M2.5 repeating sequence located close to the M4.8 repeater . The moments and recurrence intervals are taken to be the average values for the members of that sequence. The straight line is a least-squares fit to SAF repeating data, which leads to T r / (M 0 ) 1/6 . (b) Comparison of T r -M o relations using normalized recurrence intervals. Normalized data for Taiwan and Japan are determined by equation (3). Solid line is the scaling line for the SAF repeating data with a slope of 0.161, and dashed regression line is determined by the overall normalized repeating data with a slope of 0.160. (c) Legend shows the number of repeating sequences, magnitude range, and coefficient of variation (COV, the standard deviation divided by the mean of recurrence intervals) in recurrence intervals for different regions. COV = 0 implies perfect periodicity, COV ffi 1 implies poissonian recurrence, and COV > 1 indicates temporal clustering.
V parkfield = 2.3 cm/yr is the reference loading rate assumed for the portion of the SAF where SAF repeaters are located [Lisowski and Prescott, 1981; Murray et al., 2001; Titus et al., 2006] . We use a V f for the Chihshang area of 3.7 cm/yr [Lovenbruck et al., 2001 ] and a V f for Japan of 8 cm/yr [e.g., DeMets et al., 1990] . After normalizing for the different loading rates, the Chihshang and Japan repeating sequences recurrence intervals are in much better agreement with the trend of the SAF repeating data (Figure 3b) . The normalized recurrence for Chihshang and Japan data together with Parkfield data yield a scaling relation T r / (M 0 ) 0.160 , which is almost equal to the scaling relation derived from Parkfield's repeating data, T r / (M 0 ) 0.161 . The assumption has been made that the average geodetic derived slip rates used in the normalization are representative of the average tectonic loading rate on the repeating asperities over the period they are observed. The consistency of these data after accounting for differences in the long-term average loading rate among the different regions indicates that tectonic loading rate differences can largely explain the regional differences in T r without assuming any differences in the strength of repeating patches among the different regions.
[10] One may argue that contact time dependent fault healing effects [e.g., Dieterich, 1972; Kanamori and Allen, 1986; Blanpied et al., 1992; Beeler et al., 1994; Vidale et al., 1994; Marone et al., 1995] might influence the recurrence intervals of repeating earthquakes significantly by changing the strength and therefore the critical tectonic load that the repeating event patches can resist before rupturing. These effects, however, require large variations in contact time (i.e., recurrence interval) to have a modest impact. The repeating sequences in the three tectonic regions are generally in a quasi-periodic manner (see Figure 3c) , and hence the impact of contact time dependent healing on the recurrence interval scaling relationship is not considered significant.
Discussion
[11] To help explore the implications of the loading rate normalized relation from Figure 3b , we consider the relationship for a circular rupture between static stress drop (Ds), seismic moment (M o ), tectonic loading rate (V d ) and recurrence interval (T r ) [Beeler et al., 2001] :
where m is shear modulus. In equation (4) , however, requires that either Ds or V d or both have some dependence on M o . To simplify the situation, we consider two possible end member cases, the first is V d = constant, and the second, Ds = constant, both with respect to M o . When V d is constant, the relationship Ds / (M 0 ) À1/4 is required to yield T r / (M 0 ) 1/6 , that is, the stress drop is inversely proportional to the 1/4th power of seismic moment. In this case, very small repeating events could have very high stress drop [Nadeau and Johnson, 1998; Sammis et al., 1999] . Recently the high stress drop of $100 MPa inferred from a kinematic , which implies that the fraction of tectonic load that is released seismically versus aseismically as repeating asperity rupture is size dependent [Anooshehpoor and Brune, 2001; Beeler et al., 2001; Sammis and Rice, 2001] . It is still being debated in the seismological community which of the end member cases (or some combination of the two) is responsible for the observed 1/6 dependence of T r on M o . However, the consistency of this dependence among diverse tectonic environments suggests that the same process may be taking place in fault zones generally.
Conclusions
[12] The scaling of recurrence intervals among repeating earthquake sequences in diverse tectonic environments are consistent when differences in long-term tectonic loading rate are taken into account, and the scaling reveals a dependence of recurrence interval on seismic moment that is weaker than expected when constant stress-drop is assumed. The consistency in scaling among the different regions suggests that the mechanical processes responsible for the recurrence of the repeating events is similar despite the diverse environments of the repeating events considered and that differences in recurrence intervals among the regions can be largely accounted for by differences in the regional tectonic loading rates. These findings offer useful constraints for further study of the factors controlling the earthquake renewal process, the physics of earthquakes and faulting and associated applications to earthquake forecasting and hazard estimation.
